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SUMMARY

Aw analytical study was conducted to develop a
procedure for determining the deceleration charac-
teristics of vehicles landing on gas-filled bags of
various arbitrary shapes. The analysis developed
s applicable for landing on planelary or lunar
surfaces for sinking speeds that are small compared
to the sonic velocity of the gas contained within the
bag.  For relatively high velocities a light gas such
as hydrogen or helium should probably be wused.
-\ series of caleulations was made for four bay shapes
for impact on the carth at sea-level conditions for
sinking speeds consistent with descent by parachute
to determine how deceleration characteristics were
influenced by various factors entering the equations.

1t was found that gas-filled bags can be used to
absorb landing shocks at normal parachute sinking
speeds with deceleration and onset rate acee ptable
Jor well-supported human beings.  From the stand-
points of maximum deceleration and required stroke,
the vertical eylinder appears to be the best shape
studied.  Multiple bags should probably be wused
with all shapes to accept cocked impacts.

<t method of controlled gas bleed from the bags is
required.  The ideal method would be to utilize
pressure-actuated orifices of variable area that could
maintain constant pressure in the bag. Bags with
constant-area oryfices of proper size would be
satisfactory, but would require a somewhat greater
stroke for a given maximum deceleration. It would
be possible, however, to utilize bags without bleed
during the deceleration process, but the bags would
have to be rapidly deflated at the end of the stroke to
eliminate or reduce bounce.

INTRODUCTION

The landing of nonlifting vehicles on the earth,
moon, or planets requires some sort of deceleration
deviee at the time of impact to protect the vehicle
and its payload. This report presents an analyt-

ical study of a variely of gas-filled bag shapes for
providing reasonable deceleration rates at impact.

Vehicles that descend from space or from a
planet’s atmosphere must be protected  from
damage during landing if the vehicle is to be
reused or if the cargo is of a delicate nature, such
as instruments or human or animal life. Several
deceleration methods or combinations of methods
are possible. A common method of descending is
to use a lifting vehicle such as an airplane or glider.
Other deceleration and landing devices include
mechanisms for providing vertical thrust such as
obtained from helicopter rotors or retrorockets
and atmospheric drag deviees such as blunt hodies
and parachutes. In the latter category, vertieal
velocity is not completely dissipated; therefore,
some sort of shock absorption device is required
at impact.  If a water landing is to be made,
adequate shock absorption can often be obtained
by proper contouring of the impacting surface so
that reasonable deceleration rates can be obtained
by water displacement (ref. 1).  Tf, however,
impact is to be made on a hard surface such as
land, the kinetic energy of the descending body
must generally be absorbed within a portion of
the body’s structure or contents in order to bring
the body to rest.  In order to keep deceleration
rates to reasonable values, this kinetic energy
must be absorbed over some distance. This
distance will be proportional to the square of the
velocity for a given deceleration. Possible methods
of absorbing this energy include heat generation
within a collapsible portion of the structure (refs.
2 and 3) or compression and/or acceleration of
captive gases within a pneumatic bag or cylinder.

Landing on gas-filled bags has been investi-
gated and used for parachute recovery of un-
piloted aircraft and missiles and  equipment
delivery by parachute (refs. 4 to 8). Tt seems to
be a promising deceleration method for landing
on plancts.  The bags could be filled with gas from
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the planct’s atmosphere during descent which
would provide an additional weight saving. For
a Tunar landing, gas for filling the bag would have
{0 be carried along in the landing vehicle. Analysis
of gas-filled spheres landing at high speed on the
moon is discussed in references 9 and 10.

Previous investigations of vehicles descending
on top of gas-filled bags have been primarily
experimental or directed towards one specific
application and have mnot presented a sound
analytical basis for a generalized study of the
deceleration characteristics.  Since this method
offers promise for deceleration of bodies at impact,
an analytical investigation was conducted to
determine  the  deceleration  characteristies  of
vehicles landing on a variety of gas-filled bag
shapes with and without gas bleed during the
impact stroke. (Stroke is defined as the travel or
movement of vehicle after the bag first impaets.)
Bag shapes studied included vertical eylinders,
horizontal cylinders, spheres, and hemispheres.
Bleed Ttates considered were those that would
maintain a constant gas pressure in the bag and
those that would occur through an orifice of a
constant diameter. Typical results are presented
for ranges of impact velocity, bag height, ratio
of body mass to bag volume, bag configuration,
initial hag pressure, and bleed rates.

DISCUSSION OF PROBLEM

This report is concerned primarily with the
thermodynamics of landing on gas-filled bags.
Trom such an analysis it is possible to determine
bow various [actors such us mass, bag height, bag
shape, bag volume, initial pressure, and initial
velocity affect deceleration, deceleration onsetl rate
(rate of change of deceleration with time), pressure
buildup, and variation of velocity with stroke.
Other factors must also be considered in the de-
sign.  Although these factors are not treated com-
prehensively, some discussion is warranted so thut
thie reader can have a better understanding of the
general problem.  In this light, he should be more
capable of evaluating and applying the results of
{his analytical study. Some of the problems re-
quiring consideration are strength,  durability,
storage, weight, inflation, and bleed methods [or
the bag, and stability of the vehicle during descent
prior to impact, during the deceleration process,
and during any rebound that may result from the
compressed gas within the bag.

The deceleration during Ianding can be made
arbitrarily small by employing a tall, slender bag
that gradually decelerates the vehicle during com-
pression of the bag’s great height.  Such a bag
would not have the requisite stability. Tt might
buckle as would a slender column under slight mis-
alinement of forees, and it would be prone to tip
over because of side drift or cocking al impact.
Highly stable bags will generally be short and have
a large area in contact with the landing surface.
These characteristics are diametrically opposed to
the requirements for low deceleration.  Any given
design of Tanding bags will thus be a compromise
between the demands for stability and low de-
celeration,

Tn the design of u landing-hag system, the
vehicle and its pavload must have the ability to
withstand some given deceleration and decelera-
tion onset, and the system must stay within these
Tlimitations. Tt must also accept reasonable varia-
tions in the landing surface, lateral speed, and
cocking al impact. Rebounding appears to jeop-
ardize vehicle stability and should be minimized
or avoided. A good landing-bag system would
decclerate the vehicle in the following manner:
TFrom the first moment of impact deceleration
would rise at a high, but aceeptable, rate until a
limit on deceleration had been reached.  Decel-
eration would then remain near this limiting level
until the vehiele had essentially been brought to
rest and was near the ground surface.  The cap-
tive gas in the bags should be released at this
point.  Rupturing might be desirable.  The use
of high and nearly constant deceleration would
reduce the distance for deceleration (herein called
stroke) to the smallest value within the vehicle’s
strength linitations, and by use of short, large-
surface contact bags it would thereby somewhat
relieve the problem of obtaining impacling sta-
bility.

The type of landing deseribed will require
bleeding of gas from the bag during the decelera-
{ion process at a prescribed, variable rate. Pos-
sible methods of controlling this rate include a
variable-bleed orifiee area where the area could
be varied by means of a pressure-actuated deviee
or by a contoured metering rod in the orifice that
would be actuated by stroke. The metering rod
concept could be very similar to that utilized in

aireraft landing gear.



ANALYTICAL STUDY OF SOFT LANDINGS ON GAS-FILLED BAGS 3

Stability prior to impact can be improved by
using multiple parachutes to reduee swinging.
Stability after impact can be improved by making
use of a multiple-bag system.  Such a system has
the advantage of having bags located to accept
off-design impact orientations.  In addition, the
gas shifting that can reduce the support in cocked
landings of a large single bag can be essentially
climinated in multiple bags.  For the same siress
level in the bag material, there is no weight
penalty associated with the use of multiple bags
having the same total volume as a single larger
bag.

Further discussion of some of the factors affect-
ing bag design can be found in references 2 to 8.
Tu the remainder of this report the analysis will
only be concerned with the deceleration character-
istics of vehicles descending vertically and im-
pacting on a flat surface.

ANALYSIS

ASSUMPTIONS AND BASIC EQUATIONS

In making the analysis, the following assump-
tions were made:

(1) The gas bag is flexible, but inelastic (non-
stretehable).

(2) Gas pressure forces and aerodynamic drag
(mostly parachute) are only forces causing mass
to decelerate.  Friction, bag bending resistance,
and parachute shroud line clasticity are neglected.

(3) Compression of gas inside bag ocecurs
adiabatically.

(4) Vehiele is descending vertically.

(5) For cases with aerodynamic drag the drag
equals weight at moment of bag impact.

(6) The mass of the gas in the bag is negligible
compared with the overall vehicle mass.

For a vehicle deseending in a vertical direction
on a gas bag as illustrated in figure 1, the following
force balance can be written using the symbols
given in appendix A:

ma-+ mg-- o= 1,‘1+9,% oy )
The physical explanations of the terms in the
equation are as follows:
First term: Downward force due to deceleration
of vehicle
Second term: Downward force due to gravity

Third term: Net downward force due to atmos-
pherie pressure
Fourth term: Upward force due to pressure
within bag
Fifth term: Upward foree due to acrodynamic
drag
Tn this analysis it will be convenient to express
the pressure of the gas in the bag as a function of
the volume by the expression

p=Cu7" (2)
where
n <y

For adiabatic compression with no gas bleed from
the bag, n=v. For leakage at a controlled rate
such that the pressure is constant, n=0. For
other leakage rates n may be cither positive or
negative, but it is always less than y. For these
cases n will probubly also vary with the distance
x shown in figure 1. For cases where n is a
variable, closed-form solutions were not obtained.

Parachute~ __

~

Vehicle~__f
Landing boqx\
Impact surface~ i T
VL L Tl
) A ! D
Landing-bag contour ./ — —_— 1

prior to impact—

Conditions during impaet of parachute-borne
vehicle fitted with landing bag.

Fiatrre 1.
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A general, closed-form solution was not found
to relate the instantancous velocity with stroke
for the case where the cffects of acrodynamic drag
are included.  In the ANALYSIS section, there-
fore, velocity cquations will first be derived in
which the effects of acrodynamic drag arc ne-
glected,  The effects of drag on velocity will be
considered subsequently for special cases. The
effects of drag will always be considered in calen-
lating deceleration and deccleration onset.

In the derivation of the equations in this
analytical study, the terms are arranged in a
manner convenient for analyzing deceleration on
a planet where there is an atmosphere. For a
Iunar landing where the atmospheric pressure p,
is zero, some of the terms in the equations as
derived become indeterminate.  These equations
are rearranged in a form suitable for making
calculations for lunar landings and are presented
in appendix B.

VELOCITY EQUATIONS WITH AERODYNAMIC DRAG
NEGLECTED

In most cases the error involved in neglecting
cffeets of aerodynamic drag, even with a parachute,
will be small beeause the drag force is small com
pared to the gas pressure forces.  This is particu-
larly true after the body starts to slow down
because the aerodynamic drag is proportional to
the square of the sinking speed. By neglecting
the term for acrodynamic drag, the equation for
the force balance ean be handled in a generalized
manner for a variety of bag shapes.

By noting that

dx
U——a (3)
and
AU U dU
T AT dx ®)

and neglecting the term for acrodynamic drag,
equation (1) becomes

mU dU+mg de+ppd de—pA dz (5)

It will be convenient to write equation (5) in the
form

mU dU+mg de+pyy dd=poyd™" dy (6)

where ¢ is a dimensionless volume and, {from
equation (2),

?1 n
P=p: <7’> =pt (@)

Table T gives relations for volumes and arcas
for the geometries shown in figure 2. The rela-
tions are derived in appendix €. By using expres-
sions in table I, equations (5) and (6) can be shown
to be equal.

S U |

(a)

T A

{b)

(a) Vertical eylinder.
(b) Horizontal cylinder.

Fravre 2.-—Landing-bag shapes considered in analysis,
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(e) Sphere.
(d) Hemisphere,

Frarre 2.—Concluded. Landing-bag shapes considered
in analysis.

Integration of equation (6) between the limits
Zto x and U, to U with constant n results in

Ny 20 s
(E) 4]+m(7?|:1+ﬁ(] Q)

1 p1 ‘llln

n—1 Do

n—v|

which gives the velocity of the decelerating body
as a function of xr and the initial conditions at
point of impact. Table T gives expressions for 3
and y for the various bag shapes considered.
Equation (8) is valid for the case where the bag
is fully inflated at the beginning of the deceleration

process. For the case where the bag is either not
fully inflated or partially compressed, the initial
bag height in this state is designated as #* and the
velocity at this position as U'*.  Integration of
equation (6) between the limits z* to r and =
to U results in

20,00 [ mgx* ( .T)
A 1——
(L *) Mo *{ e r*

U//) I) *\1-n__ pl—n *_
L (U R AR R w}

where ¢* is evaluated from table T by substituting
z* for r in the expression for ¢.

For the special case where n=1, equations (8)
and (9) take the forms

[N 2000 . P
(i) “*m%[‘“’(‘ 2y ]
l 2 * (Sa)
TN 20,00 [ mgr T
\Ls'*:) ~«1+mt'*2{ i Po (1 .c*)

yb*p (ln ~v—ln‘l/>+1//*—yl/} (9u)

EQUATIONS WITH AERODYNAMIC DRAG CONSIDERED

Deceleration.—For constant descent veloeily
just prior to impact, the acrody namic drag equals
the weight of the descending vehicle. By as-
suming the drag coefficient is independent  of
velocity, the drag term in equation (1) can be
written:

Pnlg Cplp= m(,<U> (10)

The deceleration can be obtained as a function
of z by combining equations (1), (7}, and (10)

to obtain
U\ )
Di()-r

a_ A Pof Piy-n_
a 7”9 I)o‘p

which ean be written

e ) w

where the values of ¢, 8, and ¢ are given in table T
for various bag shapes. In a corresponding
manner, the deceleration for the case where the
bag is not fully inflated or is partially compressed



6 TECHNICAL REPORT R—-75—XNATIONAL AERONAUTICS AND

at the beginning of the deceleration process
results in

( [7%\? ,
(] ﬁ[[’u \l’*) ]+ lv*ﬁ - UQH)

The term U*/T7; will be equal to unity if the de-
celeration begins with a partially deflated bag.
There are some cases, however, where the vehiele
may be decelerated partially so that U207, and
then the term will be needed. The velocity T
corresponds to the equilibrium sinking speed of
the vehicle using a parachute or other acrodynamie
drag device.

If there is no aevodynamic drag, the velocity
terms are omifted from equations (12) and (12a).

Deceleration onset rate.---The rate of decclera-
tion onset is also of importance. Deceleration
onset rate is defined as the rate of change of
deceleration with time. This onset rate can be
obtained by differentiating equation (12) with
respeet to time which yields

g_é Piyn _1\_T€P0, aen -
(v R T (B
It can be shown that

. 7
y=—7,¢€

Then, combining equations (3), (4), and (13) and
defining

€
17,
result in
a_UfUip 29 (a
:’; U {B [Pu +“> ] i(g>}

(14)

where the value of the velocity term is obtained
from equation (8) and the value of the deceleration
term is obtained from equation (12) for the cor-
responding value of . The term p can be shown
to be a function of x, and values of x are given in
table T for each bag shape.

In a similar manner, the deceleration onset rate
can be found for the case where the bag is not fully
inflated at the beginning of the deeccleration
process by differentiating cequation (12a) with the
result

SPACE ADMINISTRATION

%:(l_* [m( ) ( +“)—":]
HCHD) o

where the value of the velocity term U/T7* is
obtained from equation (9) and the value of the
deceleration term is obtained from equation (12u).

Approximate velocity, -For vehicles subjected
to aerodynamic drag, the velocity ecaleulated
by ecquation (8) will be slightly high. The
deceleration  caleulated by equation (12) will
be reasonably accurate even though the value
of the velocity term in the equation is evaluated
by cquation (8), which mneglects drag.  Small
errors in this velocity will have a negligible effect
on calculated deceleration. By wusing the cal-
culated values of deceleration it is possible to
obtain more accurate values of velocity in which
acrodynamic drag is accounted for. A siep-
wise procedure is used to ealeulate the change in
velocity over a small increment of stroke Az

based on the average deceleration for Ar.  Equa-
tion (4) can be written in incremental form

a_t AU

g g Ar
or

z{»Az :"417
(0ant ()t (T557)
U212
g Ar (15)

By a stepwise procedure starting at =+ Ar=2,
the velocity at & can be obtained relative to the
velocity at a4-Ar from equation (15) written in

the form
(ORI ONED

TN S TTN2

({»‘Yi>ri(\lvi)z+ix
where the values of afg are obtained from
equution (12),

Velocity for vertical cylinder. ~The vertical
cylinder (axis parallel to direction of descent)
was the only bag shape considered for a closed-
form solution when the effects of aerodynamic
drag were considered.  Solutions to the differ-
ential equations for the other ecases were not
found by the authors.
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Combining equations (1), (4), (7), and (10)
and noting from table T that ¢y =/ for the vertical
cylinder result in

ml” dU+mg da+ peA de=p;.A <—§>” du
+”“’ [de (17)

which can be written
A% r-t )
[p“l (1) —ppl— mg] e (18)

291
i

al g ..
et

By letting
h——_—

the solution to equation (18) is

1 g 'l‘ n
{f h Pt 1) —ppd—mg derC._,}

(19)

T
. =, n . . .
Expressing ¢ Y in a series yields

C’_h‘; l 2 n r%frz
e n —
"t +( ) 2 ) 6

h i—1 :I;j—n—l
+ - ( 7 = (20)

Combining equations (19) and (20), integrating,
and substituting the limits U=, for z={
result in

(Y =D (L[]
s TR O ST O

(=h)’~!

+ (J—‘)'(J—”[ () ]} @)

which relates the veloeity of the decelerating
body with the distance z and the initial conditions.
The deceleration for a body with parachute
drag included was previously derived and is
expressed in equation (12).

For the special case where n=0 (constant
pressure inside bag), equation (21) can be simpli-

565542--61 -2

fied considerably. The quantity within the

braces reduces to
1 ( -n3 4:)
—le " T—e¢
h

Then, for n=0, equation (21) becomes

(- 9-] e

For the special case =1, equation (21) becomes

(=G0
—2¢ ’pll {ln ——h(l—— )

h)}' 1

Fe ¥1>’u—”[ ([>] ']} @1a)

CALCULATION PROCEDURE

CLOSED-FORM SOLUTIONS

For the cases where there is no gas bleed from
the bag (n==v) or where the flow rate from the bag
is al a rate so that the pressure within the bhag is
maintained at a constant value (n =0), closed-form
dimensionless solutions are obtainable so that the
veloeity and deceleration ean be ealculated directly
at any portion of the stroke.  The proper equations
to use for ecalculating deceleration eharacteristics
are summarized as follows by equation number
without suffix, Suffixes to the same basie equation
number refer to special cases as discussed in the
ANALYSIS section. The suffix “L.7 is for lunar
calculations and these equations are listed in
appendix B, as previously noted.

Velocity.— Equation
Case where acrodynamic drag 1s neglected
for fully inflated bag .. _______________ )

Case where acrodynamic drag 1s neglected
for partially inflated or partially com-

pressedbag_ (9)
Approximate correction for acrodynamic

drag. o ___ (16)
Case where aerodynamic drag is included

for the vertical eylinderonly. .. ___ 21)
Special case where aerodynamic drag is

included for vertical eylinder and bag

pressure is constant (R=0)___________. (22)
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It is not convenient to solve the ecquations
directly to determine the value of #/Z at which
the velocity will be zero except where n=0 for
the vertical eylinder.  For the other cases, it is
neecessary to determine values of the velocity for
a range of values of 2/ and determine the value
when the velocity is equal to zero by trial and
error or by a plot of the results obtained.

Equations (8) and (9) are general equations for
the following types of bags:

(1) Vertical eylinder (fig. 2(a))

(2) Horizontal eylinder (fig. 2(b))

(3) Sphere (fig. 2(¢))

(4) MMemisphere (fig. 2(d))

The dimensionless terms in the velocity equa-
tions, 8, r/7, and ¢, are functions of the bag shape
and are defined in table 1.

Deceleration. - For vehicles descending by para-
chute the dimensionless deceleration is caleulated
for the case where the bag is initially fully inflated
by means of equation (12). If the bag is only
partially inflated initially or is partly compressed,
equation (12a) is used. The value of the velocity
term in equation (12) or (12a) is obtained for the
corresponding value of stroke using the appro-
priate equation discussed in the preceding section.
If there is no acrodynamic drag, this velocity term
is omitted from equations (12) and (12a). In
caleulating maximum decelerations, which usually
oceur at relatively low velocity ratios, little error
results from neglecting the effect of aerodynamic
drag.

To caleulate the deceleration onset rate, equa-
tion (14) is used for a fully inflated bag and
equation (14a) for a partially inflated bag.

The terms 2. ¢ ¥, ¥*, and p used in equations
(12) and (14) are functions of the bag shape and
arc defined in table T,

GENERAL CASE WITH GAS BLEED

By an iterative step-by-step procedure it is
possible to determine the velocity and deceleration
at any value of stroke for all the bag shapes
considered with any schedule of gas bleed desired.
Sinee gas will generally be bled through an orifice,
the caleulation method is set up to calculate
bleed as a function of flow nozzle diameter. A
flow nozzle tvpe of orifice was chosen for the
caleulations because Reynolds number corrections
can usually be neglected for this type of orifice.
The procedure used is described in appendix D.

RESULTS AND DISCUSSION

The discussion of factors affecting the decelera-
tion characteristics of gas-filled bags is comph-
cated by the many degrees of freedom that are
possible in the design. Tn addition to the factors
alfecting the thermodynamies of the deeceleration,
there are many practical factors as mentioned
briefly in the DISCTUSSION OF PROBLEM
section that must be interrelated with the thermo-
dynamic problem before an intelligent  design
can be made. In an cffort to show the importance
of some of the possible variables, a simplified
analysis is first made which permits drawing
some rather general conclusions on the use of gas
bags for decelerating a mass during a landing
impact. The effects of refinements to the analysis
will be diseussed subsequently. For the designer
of a gas-bag impact absorption device, considerable
thought will be required concerning the relative
advantages and disadvantages resulting from his
choice of bag shape, height, initial volume, and
initial pressure before he can be sure he has
arrived at a nearly optimum design. This dis-
cussion may help to channel these thoughts.

APPROXIMATE DECELERATION CHARACTERISTICS
WITH NO GAS BLEED

The kinetie energy of descent can be dissipated
by compression of a gas within an enclosure such
as a bag. Tn general, however, alter the decelerat-
ing vehicle has been brought to rest momentarily,
the compressed gas will begin expanding and
accelerate the vehicle to an upward velocity.
For a descending vehicle this would result in
bounce. The tesults to be presented for the case
of deceleration without gas bleed do not consider
the cffects of this bounce. A method of over-
coming this bounce is to deflate the bag rapidly
at the instant that the velocity becomes zero.
Although detailed consideration of how this
deflation might be accomplished was not con-
sidered as a part of this analytical study, two
general methods scem obvious.  The deflation
could be accomplished by rupturing, which
might be actuated by internal pressure, or by
mechanical means at a certain point in the
deceleration stroke.

Maximum pressure and final volume. The
term involving 8 and r/77in equation (8) accounts
for the potential energy of the body above the
ground and is of small magnitude relative to the
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other terms in the equation. By neglecting this
term and combining equations (7) and (8), for
no gas leakage (n==+) an equation can be written
for the case where the body has been brought fo
rest ({7==0) in terms of the final pressure in the
bag p,:

y—1
o il
= [( v —‘] p"[ (7 )] (sb)
Pty y—1 P
This equation ecan also be written in the form
UCim _ 2 I:( )"’ 1__1:] o P ( Z/>
piry y—1

These equations are represented by the solid lines
in figure 3(a). The left-hand ordinate corresponds

12 16
10
5
8_,
4
o S~
NG N
13
4
2
2
|
0

Ly

(1) Plot for determining minimum deceleration.

Fiavre 3. - Approximate relations for bringing a descend-
ing vehicle to rest on a gas-filled bag with no bleed.
y=1.4.

to equation (8b) and the right-hand ordinate is
for equation (8¢). The equations and the figure
are for the general case and are independent of
the bag shape. The curve for p/py=w is for
Innding where there is no atmosphere, such as on
the moon. Tt can be seen that for a given set of
initial conditions, that is, descent velocity I7,
bag pressure p,, atmospheric pressure p,, and
mass-to-volume ratio m/r,, the final pressure and
volume within the bag are independent of bag
shape.

P,'}bo
16 e

T\\ [u
1

G m

Po

~X

(b) Plot for determining minimum final pressure.

Travre 3-—Concluded.  Approximate relations for bring-
ing a descending vehicle to rest on a gas-filled bag with
no bleed. y=1.4.

Effect of initial pressure. —Equation (8h) can
be readily transformed into the following form:

y—1 !
Uim__2 p &&)T_l ol (P Py
Pty =1 po| \ o p Pr Po.

(sd)

This equation 1s plotted in figure 3(b). Tt can be
seen that the value of initial pressure which results
in the minimum value of final pressure increases
as the abscissa increases.  An optimum value of
initial pressure for minimizing final pressure can
be found for each combination of initial velocity,
mass-to-volume ratio, and atmospherie pressure.
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In order to find the initial pressure that results in
minimum deceleration, use can be made of equa-
tions (7) and (12) combined to yield

2 ay Do
]7; P.h [( T E.f("il—-*_

This equation is plotted n figure 3(a) as shown
by the dashed lines. These lines are drawn tan-
gent to the solid curves representing equation
(8b).  The tangent lines represent the minimum
slopes attainable for which conditions in equations
(8b) and (12b) can be simultancously satisfied.
The slopes S of the (]mlw(l lines are the decelera-

tion parameter ( +1)

minimum values possﬂ)lo fm' a bag with no bleed
for a given initial pressure ratio p,/p,. A similar
plot could have been made on figure 3(b), and for
the same initial pressure ratio p,/p, the slopes of
the tangent curves would have been identical,
but the added curves would have added confusion
to the plot.  The minimum deceleration for a

(12h)

; and are therefore the

given initial pressure ratio p;/p, and bag height &

occurs at the tangent point.  The deceleration
can be further decreased by going to higher values
of initial pressure and deereasing the initial volume
7, to obtain the proper value of the abscissa (cor-
responding to point of tangeney) in figure 3(a).
Tf a vertical cylinder is considered which has the
greatest freedom in adjusting volume and bag
11(‘1ght independently, note that if initial height &
is maintained the bag diameter should be deereased
with increasing p,/py,.  This results in a stability
problem as previously discussed.

Increasing initial pressure to  decrease de-
celeration soon reaches a point of diminishing
return.  Increasing the initial pressure ratio p,/p,
from 1 to 2 decreases the deceleration parameter

(1
/—&—1) {71 by 25 pereent, but going lo a value
€

of o only decreases it another 12 pereent velative
to the value at p/p,-=1. In addition the final
pressure required for obtaining minimum decélera-
tion increases as initial pressure ratio p,/p, in-
creases so that bag strength may become a problem
with high initial pressurization.

Tt can be concluded that the choice of initial
pressure will be dependent upon the initial veloe-
ity, mass-to-volume ratio, and atmospheric pres-
sure as well as other factors such as deceleration

onset rate, bag stability, bag strength, and com-
plications resulting from higher pressurization.
Tnitial pressure ratios p,/py between 1 and 2 are
probably within the range of most interest for
landings where there is an atmosphere, as no
large advantages can be found by going to higher
pressures.

Effect of initial bag height.—From the parameter
plotted in figure 3(a):

o (" 1):—”” S 23)
J(rl+ s &3

From this equation the following conclusions are
drawn

(1) For all other conditions remaining constant,
the final deecleration is approximately inversely
proportional to the initial bag height assuming
a,/g is much larger than 1.0.  The final decelera-
tion may be different for different bag shapes,
however, because of the dependency of € on bag
shapes as shown in table T.

(2) The minimum bag height that is possible
for given initial veloeity, initial pressure, and
maximum permissible deceleration can be ob-
tained from this equation. The value of mass-
to-volume ratio to obtain this minimum must be
chosen to give an abscissa value on figure 3(a)
corresponding to the point of tangeney between
the solid and dashed curves.

(3) From a previous discussion it was noted
that increasing the inttial pressure will permit
lower values of S and correspondingly lower values

a A .
of 7 (qf—}—l) This increased pressure could be

utilized to deerease cither deceleration or initial
bag height. Tt should be noted that, for the case
where there is no atmosphere (p,/pp=w), the
deceleration or bag height can be cut about 37
pereent from the value required where there is an
atmosphere and the initial bag pressure is equal
{o the atmospherie pressure,

Effect of bag shape.—The kinetic energy of the
descending vehicle must be absorbed by the work
in compressing the gas in the bag.  The net work

18 f;/;;l(p-po)(lm, and it is the same for all bag

shapes.  As discussed previously for the same
initial conditions (py, po, m/e, 2, and Uy, the
final pressure is also the same for all bag shapes.
The contact area A does not vary with stroke for
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the vertical eylinder, but for the other bag shapes
the area increases with stroke.  The final area 21,
for these shapes must be higher than that of the
vertieal eylinder with the same stroke in order
for the mean arca to be approximately the same
for all cases. The effect of this final area on
deceleration can be seen from equation (12b),
which can be written in the form

a__

T am (12¢)

L (pr—p)—1
With the same final pressure p, for all shapes,
this equation suggests that the maximum decelera-
tion required to bring a body to rest is lower for
the vertical eylinder than for the other shapes.

Effect of mass-to-volume ratio. —The point of
tangeney of the curves in figure 3(a) represents the
conditions that result in minimum deceleration or
required bag height.  For specified values of
initial pressure and initial veloeity, it ean therefore
be seen that there Is an optimum value of mass-to-
volume ratio m/r; that results in an abseissa value
corresponding to the tangeney point.  Going fo
higher or lower values ean result in inereased
decelerations or higher required initial bag heights.
This is not a marked effeet, however, since the
curves are approximalely tangent for a fairly
large distance.  From the figure it ean be scen
that for 1<p,/py<2 the mass-to-volume ratio
represented by

T35 L (24)
; l

results in minimum deceleration or bag height,
This value of mass-to-volume ratio also specifies
the compression tatio in the bag for a given value
of pi/py. To reduce the final pressure the initial
volume could be inereased, which would result in
a smaller mass-to-volume ratio than the optimum,
but it would reduce required bag strength with a
very small penalty in maximum deceleration
developed.  The  significance of variations in
m/r, will be further discussed subsequently.

REFINED DECELERATION CALCULATIONS WITH NO GAS
BLEED

The conclusions bhased on the approximate
caleulations just discussed are generally valid for
gas bags without bleed. Tn the remainder of the
reporl, a more exact evaluation will be made of
effeets such as parachute drag, bag shape, and gas

bleed. TIn addition values of deceleration, pres-
sure, veloeity variation, and deceleration onset
rate (hat can be expected for specific conditions
will be presented in the figures and table TI.
Calculations were made for four bag shapes,
namely, the vertical eylinder, horizontal cylinder,
sphere, and hemisphere.  The results are presented
for landing on earth at sea level at velocities from
20 to 40 feet per sccond, which is consistent for
descent by parachute.  The value of n used
the caleulations was 1.40, which makes the results
valid for many gases of interest such as air, nitro-
gen, hydrogen, and oxygen.  For deceleration on
a moon or planet different from the earth, the
gravitational constant in the 8 term would be
different from the value of 32.17 feet per second
squared used herein,  The effect of atmospheric
pressure is also included in the 8 term.

Tu this analysis the assumption is made that the
compression of the gas is isentropie and the tem-
perature and pressure are uniform throughout the
bag volume.  Such an assumption limits the valid-
ity of the analysis to impaet velocities which are
low compared to the sonic velocity of the gas
within the bag. At high impaet velocities a wave
analysis similar to that of reference 10 for high-
velocity impaet of spheres is required. At these
high velocities the compression remains essentially
adiabatic, but it is nol isentropic.  As a result, for
a given amount of energy imparted to the gas from
the kinetic energy of the descending vehicle the
pressure rise in the gas will be less than for an
jsentropic compression.  Since the deceleration is
a function of the pressure within the hag, the maxi-
mum deccleration caleulated by this isentropic
compression analysis will be higher than would be
actually encountered with a high-speed impact.
Tn addition the ealeulated stroke required to stop
the vehicle would be lower than actually en-
countered.  This error is probably negligible, par-
ticularly for the vertical eylinder, for most impact
speeds of interest.  Culeulations for the vertical
eylinder have indicated that the pressure caleu-
lated by a wave analysis is very nearly the same as
for isentropic compression for impact velocities up
{o at least 20 percent of the sonic veloeity within
the gas,  The error is much greater, however, for
the other configurations.  The analysis is applica-
ble for higher impact velocities for light gases such
as hydrogen than for heavier gases beeause of the
higher sonic velocity of the light gases. A further
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advantage of a light gas for lunar landings would
be the reduced weight required for transporting it.
As stated previously, the equations in appendix B
should be used for caleulations for lunar landings.

Effect of parachute drag.- -When a body is de-
seending atl a constant velocity, parachute drag is
equal to the weight of the deseending body. At
this condition the force of the bodyis 1.0 g.  As
the descent velocity is slowed by a gas bag, the
parachute drag foree diminishes rapidly since drag
forces usually vary as the square of the velocity.
As a result, it would be expected that the effects
of parachute drag would be relatively small on
deceleration charactleristics. This effect s illus-
{rated in figure 4, where results from equations (8)
and (21) are compared to show the effect of neg-
Iecting parachute drag in the velocity equation for
a vertical cylinder.  Parachule drag is considered
in the deceleration equation, but the deccleration
calculated is affected slightly by the velocity term
(see eq. (12)). Therefore, neglecting parachulte
drag in the velocity equation results in a very
small effect i the caleulated deceleration.  Figure
4 shows that by neglecting parachute drag in the
velocity equation the ealeulated stroke is slightly
high. As a result, the maximum deeeleration
which oceurs when zero velocity is attained is
ealeulated for too high u stroke and therefore is
also somewhat high.

Calculations were also made to determine the
velocity as a function of stroke with the cffects
of parachute drag included by use of the approxi-
mate velocity equation (16). For the case where
the inecrement of stroke Ar was 0.05 [, the results
were almost identical to the results from the
exael equation (21). When a value of Ar equal
to 0.10 ! was used in the approximate solution,
however, the caleulated velocities were too low,
It appears, therefore, that equation (16) can be
used, and it will give relatively accurate resulls
if small increments of stroke are used in the caleu-
Iations. Actually, the true deceleration character-
istiecs probably lie somewhere between those
calculated including parachute drag and those neg-
lecting drag. During the deceleration process in
which the vehicle and parachute are rapidly slow-
ing down, some of the air under the parachute
tends to be moving downward faster than the
parachute beeause of momentum it has developed
while being trapped under the parachute.  This
effect would result in the parachute drag not being
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sccond; p./pe=1.0; mfp,=2 xlugs per cubic foot; no
bleed.

proportional {o the square of the sinking velocity;
consequently, the parachute drag would be less
than calculated herein.

Tt appears that caleulations neglecting parachute
drag are slightly conservative, and appreciable
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errors are not encountered.  As a result, parachute
drag was neglected in most of the velocity caleu-
lations. This permitted use of closed-form solu-
tions for all bag shapes studied.

Effect of initial bag pressure.—-For practical
purposes it is desirable to inflate the bag to as
low a gage pressure as possible. I the internal
absolute pressure of the bag could be the same as
{he external pressure, a pressurization bottle or
pump could possibly be avoided. In this manner
the bag could be opened by gravity or some type
of spring action and filled to atmospheric pressure
through a one-way valve by natural aspiration.
The effect of initial bag pressure on deceleration
characteristies is shown in figure 5, where the
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Trarre 5.—TREfect of initial bag pressure on deceleration
characteristics. ;=30 feet per second; 7=3 feet;
mje;=2 slugs per cubic foot; no bleed.

ratio of initial pressure to atmospheric pressure
i= plotted against the maximum  deceleration,
prossure, and stroke required to decelerate to
zero velocity.  The comparison is made for the
four bag shapes considered in this analytical study.

The value of Um/py, (sce fig. 3(b)) used for
these ecaleulations is in the range (0.85) where it
would be expected that the initial pressure range
considered in figure 5 would have little effect on
the final pressure.  For the vertical eylinder it
would follow that deceleration would not be ap-
preciably affected either. This is verified in figure
5. The approximate analysis also indicated that
the final deceleration would be affected by bag
shape. Figure 5 shows that the effect of bag shape
on deceleration ean amount to as much as 50 per-
cent. In addition, the deceleration variation due
to initial pressure ratio variation from 1.0 to 1.4
can amount to about 20 percent for shapes other
than the vertical eylinder.  As previously dis-
cussed, this deceleration could be decreased by an
inerease in bag height.

Tuble TT shows values of the maximum decel-
cralion onsel rates @/g encountered during the
deceleration process for all cases considered in
this analysis. The figure number is listed that
presents other deceleration characteristics for the
same conditions. The values listed for the ver-
tical eylinder for initial pressure ratios of 1.2 and
1.4 are values after initial impuact. At the mo-
ment of impact the onset rate is theorctically
infinity. This is an undesi fable  characteristic
that occurs only with the vertical eylinder for a
perfeetly alined impact on the flat end of the
cylinder.  This effect and the allowable values of
onset rales will be discussed in more detail later.

Sinee most of the conditions considered in illus-
{rating the effeets of various factors on decelera-
tion characteristics are in the range where initial
pressure will not have a significant effect, most
of the results in the remainder of the report will
be for the initial pressure equal to atmospherie
pressure.

Effects of initial velocity, bag height, and
mass-to-volume ratio. —Figure 6 shows how the
maximum deceleration, maximum pressure, and
stroke are affected by the initial velocity and
mass-to-initial-bag-volume ratio for initial bag
heights of 2, 3, and 4 feet.  The comparisons are
made for an atmospheric initial bag pressure.  In
general the behavior is the same as predicted by
the approximate caleulations,  Maximum decel-
cration is approximately inversely proportional
to initial bag height. Maximum bag pressure
and maximum deceleration both increase approxi-
mately as the square of the initial veloeity.
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Equation (24) indicates that the values of m/p;
that would result in minimum deceleration would
be about 7.1, 3.2, and 1.8 slugs per cubic foot
for initial velocities of 20, 30, and 40 feet per

second, respectively,  The m/e, range for 20 feet,
per second was not carried this far, but it is indi-
cated in figure 6 that these values are approxi-
mately correct for the three bag heights consid-
ered. Tt should also be noted, however, that
substantial variation in mass-to-volume ratio is
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permissible with only slight effects on decelera-
tion. This is very fortunate.  For a vehicle with
a number of individual bags around its periph-
ery, a cocked descent, so that only a portion of
the bags impact, will not result in excessive decel-
erations. I the bags are designed to withstand
the higher pressures that result for the higher
mass-to-volume ratios for those particular bags,
the deceleration can be accomplished satisfactorily.

Figure 6 indicates that for the range of initial
velocities considered a mass-to-volume ratio of
about 2 slugs per cubic foot ia reasonable. This
corresponds to about 1 cubic foot of gas-bag
volume for every 65 pounds of vehicle weight.

Table TT lists the maximum deceleration onset.
rates da/g encountered during the deceleration
process.  In reference 11 data are shown where a
human has been subjected to an onset rate of 1156
g’s per second with a maximum deceleration of 35
g’s without debilitating results. Tt is indicated
from results of chimpanzee exposures that humans
may be able to tolerate higher onset rates, but the
debilitating effeets of shock may result.  Chim-
panzees have survived maximum exposures of 34.2
g’s at 3350 g's per second.  Although otherwise
uninjured, they sustained cardiovascular shock.
Reference 11 also indicates that about 35 g’s is
the maximum safe deceleration for exposures up
to 0.1 second. Table IT indicates onset rates
exceeding a value of 1200 g’s per second by foot-
note reference mark e, Trom the results presented
in figure 6 and table IT it can be seen that the safe
onset rate is only exceeded for the cases where (he
maximum safe deccleration is also exceeded.

Bag shape.—The cffect of bag shape on decelera-
tion characteristics is shown in figure 7. Tt can
be noted that the vehicle ecan be brought to rest in
ashorter distance at alower maximum deceleration
with a vertical cylinder than with the other shapes.
This effect was noted and discussed in conneetion
with figures 3 and 5. A considerable portion of the
stroke 1s used up before contact area, and internal
volume changes enough for the sphere, hemisphere,
and horizontal cylinder to significantly afTect pres-
sure and deceleration.  Aboutl 30 pereent of the
available stroke is used up with these bag shapes
before the vehicle starts slowing down an appre-
ciable amount.

Although the results of this analysis were only
for vertical descent, some consideration should be
given to side drift and cocked impact.  As pre-
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viously discussed, cocked impact on multiple bags
of a vertical ‘eylinder type would probably be all
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cubie fool; pi/po=1.0; no bleed.
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right so long as the bags in contact with the ground
could withstand the added internal pressure, but
with side drift vertical bags would tend to bend,
collapse, or tear loose. The hemispherical bag
should have less tendency than any of the other
shapes to fail in such a manner in a landing with
side drift. A big disadvantage of bug shapes other
than the vertical eylinder, however, is that there
is less freedom in the choice of variations between
bag height and initial volume. From an overall
point of view, a multiple-bag arrangement of
vertieal eylinders probably has the most potential
of the shapes studied.

DECELERATION WITH GAS BLEED

For the cases considered thus far where no gas
was Dled from the bag during the deceleration of
the body, the pressures within the bag and the
decclerations can build up to values that may be
too high to be aceceptable.  In addition, the pres-
gure energy that builds up in the bag will cause
the vehicle to bounce upwards after dissipation of
the sinking speed. A logical method of over-
coming these difficulties is to provide a method of
bleeding gas from the bag. Three general bleed
methods were considered: (1) the rather idealized
case for bleed to maintain constant pressure within
the bag, (2) instantancous partial bleed by letting
part of a multiple-bag system burst, and (3) bleed
from a fixed-area orifice.

Constant-pressure bleed.—TFigure 8 compares
the deceleration characteristies of the different
bag shapes for the case where the pressure within
the bag is maintained constant.  To obtain this
condition would require an initial pressurization
device and a variable-area orifice that would be
pressurc-actuated.  Comparing figures 7 and 8
shows that the constant-pressure bleed results in
stopping the vehicle in less distance at lower
maximum deceleration. The deceleration is
almost constant over the entire stroke for the
vertical eylinder.  The only variation in decelera-
tion is duc to the variation in parachute drag as
velocity decreases.  For the other bag shapes the
deceleration steadily increases with increasing
stroke because of an increase in contuct area as
the bag is compressed. The effect of including
parachute drag in the velocity ealeulations is also
shown in the figure for the vertical eylinder.  As
was illustrated in figure 4 for no gas bleed, the
accuracy of the caleulation is not seriously affected
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by negleeting parachute drag effeets in the velocity
equation. The effect of this drag is always in-
cluded in the deceleration equations.

Table IT shows that for a vertical eylinder and
constatit bag pressure the deceleration onset rate
1s theoretically infinite.  This infinite rate results
from the discontinuous deccleration which changes
from zero to about 11 g’s at the moment of impact.
After impact the onset rates are slightly negative
beeause the deceleration is decreasing with stroke.
Methods of overcoming this infinite onset rate
will be discussed later.

Figure 9 shows a more practical application of
the constant-bleed pressure system.  For this case
the initial pressure in the bag is atmospherie, and
the orifice is plugged to permit a pressure buildup
in the bag during the initial portion of the stroke.
At some pressure corresponding fo a specified
deceleration, 10 g’s for figure 9, the plug would
blow out of the variable-area orifice, and the pres-
sure would be maintained constant for the rest of
the stroke.  This procedure resulls in onset rates
(tuble IT) that are acceptable. A greater stroke
is required, however, than for the case with no
bleed shown in figure 7.

In addition to the advantage of the bleed system
being able to stop the vehicle at lower maximum
deceleration than the no-bleed system, another
very distinet advantage is the reduction of bounce
after the sinking speed is brought to zero.  With-
oul a bleed system, a method of rupturing the bag
would be required at the end of the stroke to reduce
bounce as previously discussed.  Rupturing, which
could be ecither pressure- or distance-actuated,
suffers from a disadvantage for cocked descents
or impact on uneven lerrain.  For these cases the
rupluring might not occur at the proper portion of
the stroke.  For this reason, it appears to be very
desirable to bleed gas from the bags during the
compression stroke,

Optimum bag shape.—If the optimum shape is
defined as that resulting in the shortest stroke
within  given limitations of deceleration and
deceleration onset, the optimum design would
result in a lincar deceleration buildup to the
maximum value, and then this value of decelera-
tion would be maintained until the body was
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brought to rest. Figures 8 and 9 show that using
a vertical evlinder and a bleed rate that maintains
constant pressure results in essentially constant
deceleration.  The variation from constant decel-
eration results from parachute drag variations
due to change in velocity. T a paraboloid of
(@/g)mar
(@/9) max
the vertical evlinder and constant internal bag
pressure is maintained at a value that will result
N (@/Q)mar Tor the vertical eylinder, the decelera-
tion will vary lincarly with stroke up to its maxi-
mum value and will then remain at essentially
this maximum value until the vehicle comes to
rest. Such a configuration would very closely
approximate the optimum bag shape.  This con-
figuration would require pressurization prior to
impact.

Instantaneous bleed.—In an effort to determine
if maximum decelerations could be deereased in
some manner without inereasing bag height or
using gas bleed from an orifice, an analysis was
made of cases where multiple bags would be used
on the bottom of the vehicle and part of the bags
would burst at some predetermined deceleration
level. Figure 10 illustrates the ecase where the
bags are of two different heights, with the heights
and bag rupturing strength chosen so that the
bags were useful for different parts of the stroke.
At initial contact with the terrain, only part of
the bags would be in econtact with the terrain.
These bags would decelerate the vehicle until the
deceleration had built up to 10 g's. At this point,
the second set of bags would come in contact with
the terrain and the first set of bags would rupture.
This would reduce the deceleration to zero mo-
mentarily, and the deceleration  would  start
building up again. Two mass-to-volume ratios
were investigated for the second portion of the
stroke, and it was found that in both cases the
maximum decelerations were greater than would
have been encountered if only one set of bags had
been utilized over the entire stroke. Tt ecan be
concluded, therefore, that this deeeleration method
is not desirable.

A somewhat similar case was investigated in
figure 11.  Tn this case, all the bags made initial
contact with the terrain, but part of them hurst
after the deceleration built up to a value of 10 g's.
Cases were considered where half of the bags
burst (doubling the value of m/e;) and where

height T, feet is attached to the bottom of

4
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N
T

0 U/ =0

Pressure, p/,o0

n
T
i
|
H
T
i
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|
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Deceleration, a/g
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Fravre 10. Effeei of deceleration by steps with initial
bag bursting at a deceleration of 10 g's. Vertical eyl-
inder; U;=30 feet per seeond; {=3 feet; pif/py=1.0.

two-thirds of the bags burst (tripling the value of
m/r). As ean be seen from figure 11, this pro-
cedure does not appreciably affect the maximum
deceleration, but it does substantially inerease
the maximum pressure. It was therefore con-
cluded that this method of deceleration was un-
desirable also.

Fixed-orifice-area bleed.-~Figure 12 shows the
deceleration characteristies with fixed-area bleed
orifices for three different orifice sizes. In figure
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Traerre 11, Deceleration characteristies with one-half
and two-thirds of bags bursting at initial deceleration of
10 g’s.  Vertical eylinder; U;=30 feet per second; {==3
feet; pi/po=1.0.

12(a) the case was considered where the orifices
were plugged until the pressure in the bag had
built up to a point where the deceleration was
10 g’s. At this point the orifice became un-
plugged, and gas was bled from the bag. The
rate of gas bleed for a given orifice size is a fune-

tion of the pressure within the bag. Only rela-
tive orifice sizes are given in the figure. The
actual size required is a funetion of the initial vol-
ume of the bag and the gas used. For a relative
area of 1, K.1,=3.67X107%, square foot for air
as the gas in the bag. Other arcas considered
were {wo and four times this value.

Comparing figure 12(a) and the vertical eyl-
inder portion of figure 7 shows that the stroke is
not significantly affected, but the maximum
deccleration is reduced for relative orifice sizes of
1 and 2. Going to a relative orifice size of 4,
however, results in a case where the vehicle has
not been brought to rest before the end of the
stroke because of tov much gas being bled from
the bag by the large orifice.  As a matier of
fact, the vehicle reaches a minimum velocity and
{hen starts accclerating again beecause of the
gravitational effect.

Tn figure 12(D) the case is considered where air
is bled from the orifice for the entire stroke.  For
{his case it is only with the smallest orifice that
the vehicle is brought to rest before the end of the
available stroke. With the largest orifice only
20 percent of the velocity has been dissipated at
the end of the stroke. Such an arrangement
would result in a disastrous landing. Tt appears
{hat, because of the shorter period of time when
the orifice is used when it is plugged during the
first portion of the stroke (fig. 12(a)), a greater
variation in orifice arca may be permissible than
for the case where gas is bled from the orifice for
the entire stroke.  Another advantage Lo using
a plugged orifice for a portion of the stroke is a
shorter stopping distance with ubout the same
maximum deceleration.

Calculations were made 1o check the effeet of
assumptions and approximations used in the step-
wise solution (appendix D) on the solution’s
accuracy. Tterative caleulations where the orifice
was so small as to cause negligible bleed were
made, and results were compared with the closed-
form solutions with no bleed.  The difference in
the {wo solutions could not be detected when
plotted on curves to the scale used in this report

. 1 2 .
inecrement Af=— - This
(IRE 1
inerement results in approximately 10 inerements
in stroke between impaet and zero velocity.

for a time time
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Frevre 12.—Deceleration characteristies using fixed-area bleed orifices.

(=3 feet; mfr;=2 slugs per cubic foot; pi/po=1.0.

CONCLUDING REMARKS

The following conclusions can be drawn from
the results of this analytical study:

1. An analytical procedure is developed that
permits caleulation of velocity, deceleration, and
deceleration onset rate as a function of distance
traversed after impact on gas-filled bags having a
variety of shapes. The analysis is applicable to
planetary or lunar landings for sinking speeds that
are low compared to the sonic velocity of the gas
within the bag.  For relatively high sinking speeds
a light gas such as hydrogen or helium should
probably be used.

(b) Fixed bleed for entire stroke,

Vertieal eylinder; [7;==30 feet per second; ‘

2. Gas-filled bags can be used to absorb landing
shocks for normal parachute sinking speeds with
deceleration and onset rate acceptuble for well-
supported human beings.

3. Acceptable onset rates for humans were
found to be exceeded only when the landing con-
ditions resulted in the deceleration rates being too
high, except for special cases where the bags of the
vertical cylinder configuration were pressurized
above atmospheric prior {o impact.

4. From the standpoints of maximum decelera-
tion and required stroke, the vertical cylinder
appears to be the best shape studied. Multiple
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bags should probably be used, however, to accept
cocked impacts. A cocked impact where only
part of the bags would be active would not appre-
ciably inerease the deceleration rates, but bag
pressures would be increased.

5. For earth landings using parachules, a
reasonable bag volume is ubout 1 cubic foot for
each 65 pounds of vehicle.

6. A method of controlled gas bleed from the
bags is required. The ideal method would be to
utilize pressure-uctuated orifices of variable area

that could maintain constant pressure. Bags
with constant-arca orvifices of the proper size
would be satisfactory, but would require a some-
what greater stroke for a given maximum deeelera-
tion. It would be possible, however, to utilize
bags without bleed during the deceleration process,
but the bags would have to be deflated rapidly at
the end of the stroke to eliminate or reduce bounce.
Trwrs RESEarRcH CENTER

NATIONAL AERONATTICS AND SPACE ADMINISTRATION
CreveLaxp, Ouro, March 16, 1960
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APPENDIX A

SYMBOLS
bag area in contact with ground, sq ft r* velocity at bag height equal to z*, ft/sec
drag area, sq ft U gas velocity in nozzle, ft/sec
arca of orifice or flow nozzle, sq ft v vohime, cu ft
deceleration, fi/sec? i weight of gas in bag, Ib
dimension of flattened portion of bag, ft W weight rate of flow, 1b/sec
(see fig. 2) r distance, ft
aerodynamic drag coefficient xr* partially inflated initial bag height, ft
numerical constants 8 dimensionless ratio, mgZ/v,p,, see table T
fully inflated bag diameter (horizontal v ratio of specific heats of gas in bag
eylinder and sphere), ft € dimensionless ratio, .1 2/v;, sec table T
fully inflated bag height, ft, see table T ¢ pressure function in orifice equation
loeal gravitational acceleration, ft/sec? A dimensionless density, p/p;
dimensionless term, 2¢1/T7? . . . .9
<Y /. ! “ dimensionless ratio, ¢ 3% see table I
number of terms in a series U
flow nozzle coefficient ) density, 1b/cu ft
bag length (horizontal cylinder), ft ¥ dimensionless volume, 2/p,, see table T
fully inflated bag height (vertical cylin-  y* dimensionless volume at bag height equal
der), ft to r*
gas Mach number Q pressure function in orifice equation
L e ) ‘ '
mass of entire vehicle, (Ib)(see?)/ft (or Subseripts:
slugs) .
. a approximate value
exponent having a value less than or equal
to S finul value
oY 7 initial value
perimeter, ft .
. . . mar  maximum value
stalic pressure (without subseript refers . .
. . min minimum value
to gas in bag), Ib/sq ft abs
. / . n flow nozzle
static pressure in bag at bag height equal
. T ¢ flow nozzle throat
to z*, Ib/sq ft abs L
‘o x at position r
gas constant, fi;°R .
. . x+Ax at position x4 Az
radius of hemisphere, ft .
. o 0 atimospheric
slope of line, fig. 3(a)
temperature, °R Superscripts:

time, see
velocity, ft/scc

average value over increment ax
d/de



APPENDIX B

EQUATIONS FOR LUNAR LANDINGS
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vp*

Equations presented in this appendix have been
rearranged to permit their use for the case where
7o=0. These cquations have the same numbers
as in the body of the report exeept they are fol-
Towed by the suffix T.. These equations are not
to be used for p,==0.
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APPENDIX C

AREA AND VOLUME RELATIONS FOR VARIOUS BAG SHAPES

Dimensions used in the expressions given in
this appendix are shown in figure 2.

VERTICAL CYLINDER (Fig. 2(s))
v=sx (C1)
vy=.11 (C2)

where A refers to the circular cross-sectional area
of the eylinder.

HIORIZONTAL CYLINDER (Fig. 2(b))

For inelastic materials the perimeter of the
bag cross scction is the same hefore and after
deflection, and the length remains constant:

P==D
=2b-t+nx
Therefore,
b:f—g(l —%>
A—br="0F (1 _ g) (C3)
o0 (C4)

2
l‘zL(be—}-E:

TG)] e

HEMISPHERE (Fig- 2(d))

Since the bag is assumed to be inelastic, the
radius of the spherieal portion of the bag remains
unchanged during impact. The bag material in
contuct with the ground will fold and wrinkle to
form an approximately flat surface. The follow-
ing relations then hold:

(@-rs
] o
v= [ as
o] [T
i I

@,:3,”3 (Cs)

SPHERE (Fig. 2(c))

The relations for the sphere can be written
directly from those for the hemisphere:

] e

A DI

T’

: (€11)

Vi



APPENDIX D

GENERALIZED PROCEDURE FOR CALCULATING DECELERATION CHARACTERISTICS
WITH GAS BLEED

ANALYSIS

From equations (1), (4), and (10),
. TN\
ml’ dC‘:{;l(p—p“)— mg[l —(l.—) ]}dx
g
D

which ean be written in the ineremental form

An. A (T ] 77 \2
AU:M_S—“'{E——1~Z—”[1— ’)]}
ml (Po Apy Uy

(D2)
Sinee
Ar=0" At
€=— A1 _///L'f
and
mals
B=—
l‘a]’u

equation {D2) can be expressed:

S e K GO S

Pressure can be expressed in terms of the isentropic

relation:
Y
1)=p,»<8*) =p,N'
Pi

By assuming a linear variation of contact area,
velocity, and pressure over the increment A,
equations (D3) and (D4) can be combined to
give

(D4)

- (5;;;’775714: A7) oAt

Al 48

{%md,ﬂp—z
[§]

“enl ()]}

For the case where the aerodynamic drag is
neglected, the term (U/07)% 1s zero and is omitted
from equation (D5).

CALCULATION PROCEDURE

The wariation of velocity, decleration, and
deceleration onset with streke can be obtained by
the following stepwise procedure:

(1) Assume an arbitrary increment of time Al
This increment does not have to remain constant
during the deceleration process.

(2) Choose or specily the orifice area for the
time inerement Af. (This Af also corresponds to
some increment of stroke Ar) This orifice area
ean be different at cach time increment if desired.
For generalized calculations it is convenient to
relate this orifice area lo the initial volume in
ratio form A, /v,

(3) Inorder to use equation (D5) it is necessary
to evaluate e and M at stations z and 2+Ar. The
increment Ar corresponding to time inerement Af
is not known accurately because the velocity
increment. A7 is nol known. As a result, it is
necessary to make a first approvimation of e, A,
and T to calculate an approximate value of AU
as follows:

{a) Approximate stroke increment Ax,:

A.Ta: l"l*_\z At
re={r+Ar)—Ar,

(b) Values of e:

The value of z4+Ar is known., For the first
increment it is equal to %, and for succeeding
inerements it is equal to the value of & determined
from the preceding increment.  Therefore,

e,ﬂz_—_f(%m) (sce table T)
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An approximate value of €z, is obtained based on 7,
Era:.f(-l'u/l-/}) (sce table T)

(¢) Average veloeity C:

As a first approximation the average velocity is
taken as the veloeity Uy

(d) Density ratio X:

To caleulate the density of the gas it is neces-
sary to know the volume and weight of gas in the
bag. The weight is influenced by the bleed,
which in turn is influenced by the average pressure
within the bag.

The density ratio N is defined as

_ W,

I
Ty t//

Ao P

The approximate pressure ﬁ, 18

v 4
f)'aTPz)\}’uz:?h :}'erA.r/l :

‘//rmz
HZ— Pi
“IT.
(Note: At first increment, W, =W, and
¢I+AI:1'>
AW, .4, '
IR o

where ¢ and @ are obtained from the following
equations for p=7,:

7—1

=r \iv m)
-y ( ,,f

T )

5‘17“\ (Wr 1>7'

=.0.685 p; for air

- \(,,, ,

The values of ¢

Suberitieal ﬂow where

Pe(3h)
]7()

<1.893
for air

Supereritical flow where
()
])u

and 2 are derived in appendix E.

W Tois AW,
oo v

a

AERONATUTICS AND SPACE ADMINISTRATION
W, fee
W,
s ‘l/z

4) Caleulate A7, from equation (D5) using
values obtained in step (3).
(5) It is now possible to obtain a more accurate

value of AT7, where
- ; Al
=L r+arT 2
Ar— A
r={xr+4 Ar)—Ar
&=/ (J‘/fﬁ)
O\:Her)\}’a)

Values of W/, and A, are caleulated in a manner
similar to that in step (3), and AT is calculated
from equation (D35).

(6) A further refined value of x for this incre-
ment, which will be z+Ar for the next incre-
ment, is obtained from

al”
—2—) At

where the value of Al was obtained in step (5).
(7) The deceleration is  caleulated from a
revised form of equation (12):

(05 G (-

(8) The deceleration onset rate is calculated
from

{7 +.’\.r pr+AI ) ner )
<(}> (l I+AI> { pn ‘//;#Az +ﬂ!
9(’ 1+AJ:
] U, 1+Ar ) ((I> }

where the value of n is obtained by combining
cquations (7) and (D4):

r=(x+ A-l‘)-(’ Trtar—

(12d)

(14h)

7 In
Pr tAz

In Lz+az

n—
(2%

(9) This caleulation procedure is continued
over succeeding inerements of Ar until the veloeity
beeomes zero or the bag is deflated.



APPENDIX E

DERIVATION OF EQUATIONS FOR FLOW OF GAS THROUGH FLOW NOZZLE

SUBCRITICAL FLOW

The low rate can be expressed
We=KA.p.,
=KA,pIMNvy/RT, (E1)

Substitution of isentropic relations for Mach num-
ber, pressure, and temperature results in

P TER e S [ ]

(E2)

The gas temperature in the bag is

:7,__—!
(Y7

and for subsonic flow
Pe— Do

so that equation (E2) becomes

- KA nPuy/ (,7(’ >( #1>(p0) [ pn :‘

E3)

The weight loss over time increment Af is expressed
by

AW':W'M:KA,, At \gg—]’— 0 (E4)
where
_ v 5
])OV —1 ])“) E5)
'y—l
(E6)

amy ()7 -

SUPERCRITICAL FLOW

For supercritical flow the velocity will be sonic
al the throat of the flow nozzle.  Then,

W= Ko, A,u,

KA ,,p,\'/ , (E7)
Since
p= 2
Y y—1
Y
and
T - Z’.ﬂ’) ;
! P: P
then
s A A -_'f f.’ (+—1 f va
=R, T) ( ) \’—‘“P
(E8)

The weight loss over the time increment Af is

W= W at==K.1, At | 9 0 E9
AN ’\ RTlS ( )
where for the supercritical flow
/ 9 * 741
5‘:1’1\“‘ Y (;1 i 4)7_1 (E10)
2,,*,—1
()F o

13
-1
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TABLE I. RELATIONS FOR VARIOUS BAG SIHAPES USLED IN ANALYSIS

Type of bag

Function
V'CII“li(Ll';ll TTorizontal eylinder Sphere ITemisphere
eylinder
o l D D r
DL x 7 D? x\? \?
4 A 2 (%) -] w1 ]
2 3
v Al Z%é IGB_ %wra
. 1 |[EPL [2(.£)-, (1)2‘] =D? [3._1 (1)3 [z_1 (z)s
‘ - 1 D D)) 4+ LD 3\D N A
g=2 z 9% (1)2 3z_1 (5)3 dz_1 ({)3
v { D D 2D 2\D 2r 2\r
dy dTI % (I—Tz)) dz T;n [1—(% ~] de % [1 — (;)i] de
v dy A dx —7J2)—L (l——;) dr E%): [1—(%) ] dzx a2 [1—(1—;)] dir
5 mgl my D myD mgr
tiPa tiPo viPo TP
A x 3 z\? 3 z\?
= ‘ 2(1-5) -] 30-0)]
x L Z
0 2 3 D d—r-
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